Abstract. Phosphodiesterase 4 (PDE4) has four subtypes: PDE4A, PDE4B, PDE4C and PDE4D. The expression of PDE4 subtypes in microglial cells and the specific contribution of each subtype to inflammation remain unclear. In this study, the expression of PDE4 subtypes in primary microglial cells was assayed. Primary microglial cells were then transfected with specific small interfering RNA (siRNA) against each PDE4 subtype. PDE4 subtype A-D knockdown was confirmed by quantitative polymerase chain reaction. Secreted cytokines in the supernatant and intracellular cyclic adenosine monophosphate (cAMP) levels of transfected cells were measured. The effect of PDE4B siRNA on the activation of extracellular regulated protein kinase (ERK) induced by lipopolysaccharide (LPS) in microglia was further tested by western blotting. Results showed that the primary microglial cells expressed all four types of PDE4s at the protein level. Transfection with the four siRNAs inhibited PDE4 subtype A-D mRNA expression, respectively. In primary microglial cells, treatment with PDE4B siRNA significantly inhibited the expression of tumor necrosis factor-α and interleukin (IL)-1β, and enhanced the expression of cAMP, while siRNAs to other subtypes had no significant effects. However, none of the four siRNAs had any significant effect on the expression of IL-10. Furthermore, in the PDE4B group, the level of phosphorylated ERK was reduced. Among the four PDE4 subtypes, PDE4B plays an important role in regulating inflammatory responses in microglia, potentially through initially regulating the intracellular cAMP concentration.
Introduction
Microglial cells, which comprise 12% of the cell population in the central nervous system (CNS), are macrophage-like cells (1) . Although they have been recognized mainly for their scavenging functions in the brain, certain studies have suggested that inflammation mediated by microglia contributes to the development of neurodegenerative diseases, such as Alzheimer's disease, multiple sclerosis and neuropathic pain (2) (3) (4) . Microglial cells, once activated during brain pathologies, release a variety of neurotoxic substances including nitric oxide, cytotoxic cytokines, tumor necrosis factor-α (TNF-α) and interleukin (IL)-1β. As a result of their remarkable ability to respond rapidly to a changing external environment and participate in the regulation of the innate and adaptive immune system in the CNS, microglia have become a prime target for therapeutic intervention in a variety of CNS insults (5, 6) .
Previous studies have demonstrated that a rise in the intracellular 3',5'-cyclic adenosine monophosphate (cAMP) level leads to the suppression of the activities and proliferation of microglial cells (7, 8) . Among the various cAMP-elevating agents, inhibitors of phosphodiesterase type 4 (PDE4) deserve increased attention because they increase the cAMP level in mononuclear cells or macrophages more effectively than other types of PDE inhibitors (9) . Recent studies in mammals have revealed that PDE4 is a family of cAMP-specific PDEs, with >20 isozymes that are encoded by 4 genes (PDE4A-D) (10, 11) . The four subfamilies share a conserved catalytic domain and upstream conserved region, which are upstream conserved region (UCR)1 and UCR2 motifs of the regulatory domain. Therefore, the developed inhibitors often are not able to target a subfamily specifically. Clinical evaluations in various inflammatory conditions have revealed that the anti-inflammatory effect of PDE4 inhibitors has a very broad spectrum, affecting almost all inflammatory cells (12) (13) (14) . Some adverse effects that are associated with this lack of specificity, such as nausea and emesis, limit the dosage level of those inhibitors and prevent them from achieving an ideal level of immunomodulatory activity (15) .
RNA interference (RNAi) is a method that is able to directly eliminate the function of a targeted gene. Studies performed on mammals have demonstrated the superiority of silencing induced by small interfering RNAs (siRNAs) to the traditional antisense molecules (16, 17) . Therefore, in recent years, RNAi has been established as a preferred technology for investigating and validating protein function. More importantly, the high specificity of RNAi provides the potential to selectively silence a subtype from a family of closely related genes (18) . PDE4 inhibitors have already been shown to increase the cAMP level in microglial cells (19) , but it is not clear which particular subtype is responsible for such increase. The present study was designed to first study whether microglial cells actually express the four PDE4 subtypes. The RNAi technique was then applied to silence different subtypes of the PDE4 gene, and the specific effects of each subtype on the production of cytokines in endotoxin-stimulated primary cultured microglia were observed.
Materials and methods

Materials. Lipopolysaccharide (LPS) from Escherichia coli
011:B4 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was suspended in phosphate-buffered saline (PBS) at a concentration of 20 mg/ml and stored at -20˚C. Primers for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) were synthesized by Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Antibodies for western blot analysis were: i) Anti-PDE4A (ab14607; 1:1,000), anti-PDE4B (ab14611; 1:1,000), anti-PDE4D (ab14613; 1:500) and anti-CD11b (ab75476; 1:1,000) antibodies (all purchased from Abcam, Cambridge, MA, USA); ii) anti-PDE4C antibody (1:300; PD4C-301AP; Fabgennix International, Inc., Frisco, TX, USA); iii) anti-p44/42 mitogen-activated protein kinase [4695; 1:1,000; MAPK; extracellular signal-regulated kinase (ERK)1/2; Cell Signalling Technology, Inc., Danvers, MA, USA], anti-phosphorylated (P)-p44/42 MAPK (T202/Y204; 14474; 1:1,000; Cell Signalling Technology, Inc.), and anti-rabbit IgG horseradish peroxidase (HRP)-linked antibody (ab6721; 1:1,000; Cell Signaling Technology, Inc.). Except where indicated, all other materials were from Invitrogen (Thermo Fisher Scientific, Inc.).
Micoglial culture. Microglia were isolated from primary cultures of rat brains by the method previously described with slight modifications (20) . Briefly, two whole brains of Sprague-Dawley rats (Experimental Animal Center of Jinling Hospital, Nanjing, China) at postnatal days 1-3 were used for each flask (Delta-treated flask, 75 cm 2 ; Nunc™). Following the dissection of the brains and careful stripping of the meninges, brains were triturated with a Pasture pipette with 3 ml Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. The solution was centrifuged at 800xg for 10 min. The precipitates were suspended completely with 2 ml DMEM and were plated in the aforementioned flask. These mother cultures were maintained in a 5% CO 2 humidified incubator at 37˚C and the medium was exchanged every 3 days after the initial seeding. After 9-10 days, many round and phase-bright microglia were isolated by shaking for 4 h at 40xg. Floating cells in the supernatant were collected, centrifuged and disseminated onto 24-well plates (Corning Incorporated, Corning, NY, USA; 5x10 5 cells/well) or 96-well plates (Corning Incorporated; 5x10 4 cells/well). After 20 min, the medium was changed and the cells were washed twice with PBS to remove non-adherent cells. The remaining microglia were allowed to stabilize for 1 day in DMEM containing 10% fetal bovine serum (FBS) prior to use. In this culture, the purity of the microglia was 95-98% as determined using an anti-CD11b antibody (21) .
Western blot analysis. Western blotting was performed for the analysis of the expression of PDE4 subtypes A-D at the protein level. Briefly, protein samples (cell extracts, 50 mg protein) were separated by a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred to 0.45-µm polyvinylidene difluoride membranes. The membranes were blocked with 5% fat-free dry milk dissolved in Tris-buffered saline (NaCl, 0.138 M; KCl, 0.0027 M, pH 8.0) plus 0.1% Tween-20 (TBST) and incubated overnight with specific antibodies against PDE4 subtypes A-D (1:1,000). After extensive washing with TBST, the membranes were incubated with anti-rabbit IgG HRP-linked antibody solution (1:1,000) for 1 h at room temperature. The proteins were visualized using chemiluminescence reagents provided with an ECL kit (Amersham; GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) and exposure to film. Scanning densitometry using Image J 2X (Rawak Software Inc., Stuttgart, Germany) was used for semi-quantitative analysis of the data.
siRNA preparation. The siRNAs were designed based on the rat PDE4A (Rattus norvegicus, PDE4A, NM_013101), PDE4B (Rattus norvegicus, PDE4B, NM_017031), PDE4C (Rattus norvegicus, PDE4C, XM_001070301) and PDE4D (Rattus norvegicus, PDE4D, NM_017032) using BLOCK-iT RNAi Designer (Invitrogen; Thermo Fisher Scientific, Inc.). An siRNA target sequence was selected for each of the subtypes. One non-specific siRNA (mismatch RNA) was also selected. Sequences of the siRNAs used in the present study are summarized in Table I .
Transfection of siRNAs into microglia. Primary microglial cells were randomly divided into eight groups: Control group (no LPS, no transfection), LPS group (no transfection), and transfection groups, including vehicle group (transfected with Lipofectamine™ RNAiMAX reagent; Thermo Fisher Scientific, Inc.), mismatch group (transfected with mismatch siRNA) and PDE4-siRNA groups A-D (transfected with siRNA targeting PDE4 subtypes A-D, respectively).
To transfect the vehicle (Lipofectamine RNAiMAX reagent), mismatch RNA, PDE4A, PDE4B, PDE4C or PDE4D stealth siRNAs into microglia, respectively, 1 day prior to transfection, microglia were cultured in DMEM without antibiotics and FBS. For each transfection in 24-well plates, 20 nM mismatch RNA, PDE4A, PDE4B, PDE4C or PDE4D stealth siRNA was diluted in 100 µl DMEM without antibiotics and FBS and gently mixed with 1 µl Lipofectamine RNAiMAX reagent according to the manufacturer's protocol. Following incubation for 15 min at room temperature, transfection mixture was added to each well and applied to each well in a total volume of 500 µl DMEM. Transfected cells were further incubated at 37˚C for 48 h before assays were carried out.
RT-qPCR analysis. RT-qPCR was performed to detect the expression of PDE4A, B, C and D genes. Total RNA was isolated from cells using TRIzol reagent and a spectrophotometer was used to determine the quality and quantity of the RNA. TRIzol reagent was used according to the manufacturer's instructions. In brief, a total of 250 µl TRIzol reagent was added into the well (5x10 5 cells/well) to lyse the cells by pipetting them up and down several times after removing the growth media from the well. Next, 50 µl chloroform was added after incubating the homogenized sample for 5 min in the tube at room temperature. Following vigorous shaking for 15 sec and incubation at room temperature for 3 min, the sample was centrifuged at 12,000 x g for 15 min at 4˚C. The aqueous phase of the sample was removed into a new tube, then incubated with 125 µl isopropanol at room temperature for 10 min. The total RNA was precipitated by centrifugation at 12,000xg for 15 min at 4˚C. The RNA pellet was washed with 250 µl 75% ethanol, then centrifuged at 7,500xg for 5 min at 4˚C. After discarding the wash, the RNA pellet was air dried for 8 min. Finally, the RNA pellet was suspended in RNase-free water (20 µl). The isolated RNA was stored at -70˚C before RT-qPCR. The quality and quantity of RNA were determined using a spectrophotometer by measuring the OD levels at 260 nm and 280 nm, respectively. The ratios of OD 260/OD 280 for the samples were between 1.8-2.0, which indicated the purity of the samples was quite good. Thus we did not treat the isolated RNA before RT-qPCR.
cDNA was synthesized from the RNA using reverse transcription. The reverse transcription (RT) reaction was performed in a 20 µl total reaction volume containing 4 µl of 5X RT buffer, 4 µl of 2.5 mM dNTPs, 1 µl of Multiscribe reverse transcriptase (50 U/µl) (Promega, Madison, WI, USA), 1 µl of RNase inhibitor, 5 µl of RNase-free water and 3 µg of isolated total RNA in a 5 µl volume. The RT reaction was performed at 25˚C for 10 min, 37˚C for 120 min and 95˚C for 5 min. qPCR analysis was performed using a 7500 Fast Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). qPCR was performed in a final volume of 20 µl, containing 10 µM each primer, 1 µl SYBR green (20X) and 1 µl template. The program profile was as follows: 95˚C for 2 min, 40 cycles of denaturation for 10 sec at 95˚C, annealing for 30 sec at 60˚C and extension for 30 sec at 70˚C. The PCR primers used in this study are summarized in Table II . The ΔΔCq method was used to normalize the qPCR data, and the level of GADPH mRNA was utilized as a reference. The relative expression level of target mRNA was calculated according to the difference between the reference and target Cq values for each sample. Next, the level of target mRNA in groups with different treatment was normalized by setting the level in the control group as 1.
Analysis of cytokines and cAMP.
For measuring the production of TNF-α, IL-1β, IL-10 and cAMP, primary microglial cells were randomly divided into the eight aforementioned groups. Following transfection and 48 h of incubation, the culture medium was discarded and LPS was added at final concentration of 100 ng/ml. The supernatants of the cultured microglia were collected after 2, 4, 6, 12 and 24 h of stimulation by LPS.
The intracellular cAMP level in the microglia was detected following 30 min of stimulation by LPS. Briefly, cells were washed three times in cold PBS and resuspended in cell lysis buffer. Cells were frozen and thawed with gentle mixing twice. Cell lysates were then centrifuged at 600 x g for 10 min to remove cellular debris. The above supernatants and cell lysates were stored at -80˚C before assaying.
ELISA kits for TNF-α, IL-1β, IL-10 and cAMP determination were purchased from R&D Systems, Inc. (Minneapolis, MN, USA) and used to determine the levels of these proteins according to the manufacturer's protocol. Each experiment was performed in triplicate.
Detection of ERK protein expression using western blot analysis.
At 24 h after stimulation by LPS, cells from the control, LPS, vehicle, mismatch RNA and PDE4B groups were collected and the expression levels of total ERK and p-ERK protein were assessed by western blotting as described above. The primary antibodies were p44/42 MAPK (ERK1/2) (1:1,000) and P-p44/42 MAPK (T202/Y204) (1:1,000).
Statistical analysis.
Results are expressed as the mean ± standard deviation of at least three independent determinations. SPSS statistical software version 13.0 was used for data analysis. Data from the RT-qPCR and western blot experiments were accomplished using one-way analysis of variance (ANOVA). Data from the ELISA were analyzed using repeated-measures ANOVA. Least-significance difference post-hoc comparison was used to detect significant differences for the ANOVA analyses. P<0.05 was considered to indicate a statistically significant result.
Results
Expression levels of PDE4 subtypes A-D in microglia.
The expression of PDE4 subtypes A-D in microglia were studied at the protein level. The protein expression levels of PDE4 subtypes A-D were determined by western blot analysis (Fig. 1) . The results demonstrated that the microglia expressed all four subtypes of PDE4.
Expression levels of PDE4 subtypes A-D are reduced by siRNAs.
To investigate the potential function of the four PDE4 subtypes in microglia, siNRAs were used to knock down endogenous PDE4A-D gene expression. A siRNA sequence was selected for each of the subtypes A-D. The expression of PDE4A at the mRNA level was reduced to 36.6±5.2% of that in the control group (P<0.05; Fig. 2A ). The expression of PDE4B, PDE4C and PDE4D at the mRNA level was reduced to 34.7±6.4, 33.2±4.8 and 27.5±7.0% of that in the control group, respectively (P<0.05; Fig. 2B-D) . However, no significant differences were observed among the LPS, mismatch RNA and vehicle groups (P>0.05).
Effects of PDE4 subtype A-D siRNAs on the LPS-induced release of cytokines.
To study the effects of silencing PDE4 subtypes A-D with siRNA on the LPS-induced release of cytokines, the levels of TNF-α, IL-1β and IL-10 were measured by ELISA. First, in the LPS group, microglia showed a strong increase in TNF-α production at 2 h after stimulation with LPS, then the amount increased markedly and the maximum was observed at 6 h. After that, the amount of TNF-α in the medium decreased gradually. Among the groups treated with siRNAs, only PDE4B siRNA significantly inhibited the production of TNF-α compared with the level in the LPS group (P<0.05; Fig. 3A) . Second, in the LPS group a considerable amount of IL-1β was detected at 4 h. The maximum level was reached at 6 h, and this level was maintained for 24 h. Among the groups treated with siRNAs, only the PDE4B group showed a significantly reduced level of IL-1β (P<0.05; Fig. 3B ). Third, in contrast to TNF-α and IL-1β, the levels of IL-10 were not affected by any of the siRNAs when compared with the LPS group (P>0.05; Fig. 3C ). These data demonstrate that the action of PDE4B-siRNA in primary microglia is highly selective, inhibiting the production of TNF-α and IL-1β but not enhancing the production of IL-10.
Effects of siRNA of PDE4 subtypes A-D on the intracellular cAMP level.
To test which subtype of PDE4 is potentially responsible for the regulation of the intracellular cAMP level, lysates were collected to determination of cAMP level after 30 min of stimulation by LPS (Fig. 4) . Prior to stimulation with LPS, no clear differences were observed in cAMP levels among the eight groups. LPS stimulation significantly increased the cAMP levels in all groups compared with those in the control group (P<0.05). However, only the PDE4B-siRNA group showed a significantly higher intracellular cAMP level than that in the LPS group (P<0.05). This indicates that PDE4B is pivotal in the regulation of the cAMP level in microglial cells.
Effect of PDE4B-siRNA on the LPS-induced activation of ERK in microglia.
ERK is known to be involved in the regulation of cytokine expression by influencing the activities of several transcriptional factors (22, 23) . The effects of PDE4B on ERK activities in microglial cells were examined by western blotting. Treatment with LPS caused significant increases in the p-ERK levels in the microglial cells compared with those in the control group, and PDE4B-siRNA significantly suppressed the elevation of the p-ERK level induced by LPS treatment (P<0.05; Fig. 5A ). No significant differences in the total ERK levels were observed among all groups (P>0.05; Fig. 5B ).
Discussion
In this study, the expression of PDE4 subtypes A-D was detected in primary microglia at the protein level. Transfection of siRNA silenced the expression of all four subtypes of PDE4 in microglial cells. However, the significantly elevated levels of proinflammatory cytokines TNF-α and IL-1β could only be suppressed by silencing PDE4B, and not by silencing PDE4A, PDE4C or PDE4D. The significantly decreased level of cAMP induced by LPS stimulation could only be elevated by silencing PDE4B, and not by silencing PDE4A, PDE4C or PDE4D. Furthermore, the shift from ERK to p-ERK that was induced by LPS stimulation was inhibited by the silencing of PDE4B.
These results suggest that, among the four subtypes of PDE4 only PDE4B plays a pivotal role in regulating the inflammatory response in microglia. This result was consistent with previous studies. Jin et al suggested that ablation of PDE4B, but not PDE4A or PDE4D, significantly suppressed LPS-induced TNF-α production in circulating monocytes and peritoneal macrophages (24, 25) . Robichaud et al advised that inhibition of PDE4D but not PDE4B may be responsible for the emetic effects of non-selective PDE4 inhibitors; the reason may be that in the CNS, PDE4D is linked to cAMP signaling of the 2-adrenoceptor in noradrenergic neurons (26) .
In comparison with previous studies, however, attention was paid to several important points. To explore the detailed functions of the four subtypes, RNAi was selected to knock down the expression of PDE4A, PDE4B, PDE4C and PDE4D, respectively. RNAi is a straightforward method to eliminate the function of any gene of interest.
Furthermore, in this study, the intracellular cAMP level was measured by ELISA. The results demonstrated that compared with the LPS group, PDE4B silencing markedly enhanced cAMP accumulation, while silencing of the other PDE4 subtypes did not significantly affect the cAMP level in microglial cells, suggesting that PDE4B plays a pivotal role in the regulation of the cAMP level in microglial cells.
cAMP is a key intracellular second messenger, and PDE4B siRNA would prevent PDE4B from hydrolyzing cAMP, thus maintaining intracellular cAMP levels and providing an increased stabilizing effect since they are significantly reduced following LPS stimulation. Activation of the membrane G-protein coupled receptor subunit Gsa causes cAMP levels to increase, which inhibits the inflammatory response (27) . Gsa activates adenylyl cyclase, an enzyme with numerous downstream effector systems associated with cell signaling. Rac activity is downregulated via the cAMP-protein kinase A pathway, which leads to reduced neutrophil migration (28) (29) (30) . Increased cAMP levels reduce the expression of adhesion molecules (30) and 
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It has been suggested that cAMP signaling is regulated by an ERK-dependent pathway. ERK can influence the activities of numerous transcriptional factors including cAMP response element-binding protein and nuclear factor-κB (34, 35) . Zhuang et al suggested that there is robust activation of ERK in microglia (36) . The intensity of ERK activation is closely correlated with activation of glial cells. It phosphorylates many downstream targets that lead to inhibition of cell activation (36) . In the present study, p-ERK intensity was greatly increased by LPS stimulation compared with the control group. The p-ERK protein expression in the PDE4B-silenced group was decreased significantly compared with that in the LPS group. The total ERK level did not differ significantly among the groups.
The present data about TNF-α, IL-1β and IL-10 are consistent with previous findings and support the increased cAMP concentration. Considering these findings together, the activation of the ERK/MARK pathway may lead to the release of large quantities of pro-inflammatory cytokines from the microglial cells.
The present study provides solid evidence that PDE4B in microglial cells plays an important role in neuropathic pain associated with inflammatory responses. Clinically, a selective A B
